Polymorphic magnetization behavior has been observed experimentally in the Heusler alloy Mn 2 NiGa in which Co has been substituted for Ni or Ga. The magnetization of the austenitic phase can be enhanced up to 132 emu/g, when more than 50% of the antiferromagnetic couplings between Mn atoms are changed to ferromagnetic couplings at the largest composition tolerance for Co substituting for Ga. The effects of the exchange interaction have been investigated based on the corresponding atomic configuration generated by the occupation selectivity of the doped Co atoms. First-principles calculations indicate that a high level of d-electron hybridization can occur when Mn atoms are the nearest neighbors of a Co atom. This causes a strong ferromagnetic exchange interaction in specific atomic configurations and produces a local ferromagnetic structure in the native ferrimagnetic structure matrix. It has been indicated that, based on theoretical work of Stearns, the interatomic distance plays a critical role in producing the local ferromagnetic structure. This has also been used to explain the magnetization behavior through the martensitic transformation in Mn 2 NiCoGa alloys.
I. INTRODUCTION
Heusler-type ferromagnetic shape-memory alloys (FSMAs) have become very attractive candidates for high-performance magnetic actuator materials since the time that magnetic-field-induced martensitic transformations were observed in several alloys, such as NiCoMnIn, 1 NiCoMnSn, 2, 3 NiCoMnSb, 4 NiCoMnGa, 5 MnCoNiGa, 6 and NiMnCoAl. 7 Without Co content, these alloys usually exhibit a low magnetization because their Mn-rich composition generally gives rise to a ferrimagnetic structure. From the thermodynamics point of view, obtaining a large magnetization difference ( M) between the parent phase and the martensitic phase is crucial. In the studies cited above, in order to obtain sufficient Zeeman energy MH to induce the martensitic transformation, Co was doped into the alloys to maximize the value of M. The efficacy of Co is due to the facts that (i) the Co-Mn exchange interaction can turn the antiferromagnetic coupling between Mn atoms into a ferromagnetic coupling and achieve a high magnetization in the parent phase 8 and that (ii) such an exchange interaction can be inoperative in the martensite phase and result in a low magnetization. A large M between the parent phase and the martensitic phase can therefore be achieved. However, the physical mechanism for such different exchange interactions in the two phases has not been investigated systemically.
In this paper, the exchange interaction between the magnetic Co, Mn, and Ni atoms has been investigated by changing the atomic configuration in the alloy. Mn 2 NiGa, containing the largest Mn content and having an Hg 2 CuTi structure in Heusler alloys, 9 has been utilized as a mother composition. From this composition, two different atomic configurations can be realized experimentally by substituting Co for Ni or Ga, respectively. In these two different configuration models, the interatomic distance between the Co and Mn atoms, which are the main carriers of the magnetic moment, is different. Based on this fact, we have shown that the magnetic exchange interaction in this system is mainly determined by two factors: the kind of the magnetic atoms and the interatomic distance. This viewpoint enables us to explain what exchange interactions create the high magnetization in the parent phase following doping with Co. Furthermore, this understanding is also applicable to explaining why this interaction effect becomes inoperative in the martensitic phase. In fact, polymorphic magnetization behavior has been observed in this work in which the magnetization can be manipulated by a factor of three by varying the atomic configuration.
Based on the different atomic occupations in the MnCoNiGa alloys, a series of ab initio calculations has been carried out in the present work, and the results confirm that (1) d-electron hybridization can be enhanced when the Mn atom is surrounded by Co atoms; (2) two main magnetic couplings, Mn-Mn and Mn-Co, co-dominate the magnetic structure and magnetization in Mn 2 Co x Ni 1−x Ga and Mn 2 Co x NiGa 1−x alloys; (3) a local ferromagnetic structure is formed in the ferrimagnetic matrix surrounding the Co atoms, which dramatically increases the magnetization in Mn 2 Co x NiGa 1−x alloys due to its special atomic configuration. Furthermore, we have confirmed the relative strengths of the exchange interactions between Mn-Mn, Mn-Co, and Mn-Ni based on the work of Stearns and explained the formation conditions of the local ferromagnetic structure in Mn 2 Co x NiGa 1−x alloys. In order to explain the appearance of the low magnetization ferrimagnetic structure in the martensitic phase, we show that the interatomic distance becomes a key factor which determines the fate of the local ferromagnetic structure after a lattice variation.
The paper is organized as follows: Sec. II contains details concerning the methods of the experiment and the calculation. Section III presents the experimental and calculated results and related discussion, including: (1) the magnetization; (2) the crystal structure and atomic configurations; (3) electronic structure and spin moments; (4) the exchange interaction and magnetic structure; and (5) the behavior of the local ferromagnetic structure across the crystallographic and magnetic transition. Finally, the paper is summarized in Sec. IV.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Based on the mother composition Mn 2 NiGa, two series of samples of Mn 2 Co x NiGa 1−x (x = 0 ∼ 0.52) and Mn 2 Co x Ni 1−x Ga (x = 0 ∼ 0.50) in which, respectively, the Co chemically substitutes for Ni or Ga, were prepared by arc melting of Mn, Ni, Co, and Ga metals with purity of 99.95% in an argon atmosphere. These MnCoNiGa ingots were heat-treated at 920
• C for 24 h in order to homogenize the distribution of the constituents throughout the alloys. Because a second face-centered cubic (fcc) structure emerged in the ingots of Mn 2 Co x NiGa 1−x with x 0.24, the meltspinning technique was adopted for alloys with x 0.24.
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In order to ensure high chemical ordering, the homogenized and spun samples were further annealed at 650
• C for 72 h and subsequently quenched in an ice-water mixture. The structures of the samples were determined by using x-ray diffraction (XRD) with Cu Kα radiation (λ = 1.5418Å) from the ground powder at room temperature. Here, ac magnetic susceptibility measurements were performed to determine the Curie temperature, T C . The low temperature (5 K) saturation magnetization values, M S were measured in fields up to 50 kOe using a SQUID magnetometer (SQUID-Quantum Design).
The electronic structures of the two series of alloys were calculated using the self-consistent full-potential linearizedaugmented plane-wave (FP-LAPW) method based on the generalized gradient approximation within the density functional theory, 11, 12 where the potential and/or the charge density in the crystal are treated with no shape approximations. Sixty k points in the irreducible Brillouin zone were used to achieve self consistency in the calculation. The self consistency was found to be better than 0.01 meV/a.u. for the charge and spin densities, and the stability was better than 0.1 mRy for the total energy per cell. Supercells with 2 × 2 × 2 based on the primitive unit cell were built for the calculations. The muffin-tin sphere radii R were chosen as 2.2 a.u. for the Mn and Co and 2.4 a.u. for the Ni and Ga atoms, respectively. The density plane-wave cutoff was taken to be Rk max = 8.0. The electron states were treated in a scalar relativistic approximation. Using the energy eigenvalues and eigenvectors at these points, the density of states was determined by the tetrahedral integration method.
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III. RESULTS AND DISCUSSIONS
A. Magnetization
The lattice parameters and magnetic properties for the two series of MnCoNiGa samples studied are shown in Table I and the figures that follow. Since the enlarged M comes only from the enhancement of magnetization in the parent phase by doping with Co, 6 studying the effects of doping on the magnetic structure requires that the studied object keep a stable bcc structure over the whole doping range. Due to the addition of Co, however, only the samples with mother composition and the smallest Co content (x = 0.08) retain the property of undergoing a martensitic transformation. The other samples with x 0.16 do not exhibit the martensitic transformation property. Figure 1 shows the dependence on the Co content of the molecular moments calculated from the values of M S for the two series of MnCoNiGa samples. When the Co atoms substitute for Ni in Mn 2 Co x Ni 1−x Ga alloys, the moment increases linearly and slowly with increasing Co content. On the other hand, when the Co atoms substitute for Ga in Mn 2 Co x NiGa 1−x alloys, the moment increases very rapidly. TABLE I. The saturated magnetization (M S ) measured at 5 K, molecular magnetic moment (m) calculated from M S , the Curie temperature (T C ), and lattice constant at room temperature (a), experimentally measured for the MnCoNiGa samples with compositions shown in column one. Corresponding to the austenitic phase, Mn 2 NiGa has a ferrimagnetic structure. This alloy undergoes a martensitic transition near room temperature. The ferrimagnetic structure is based on one set of Mn atoms with a moment of −2.20 μ B coupling in an antiparallel fashion with the other set of Mn atoms together with the Ni with moments with 3.15 and 0.27 μ B , respectively. 10, 14, 15 In Mn 2 CoGa systems, the Co atom has a moment of about 0.92 μ B , larger than that of Ni. 10 Taking into account the slight influence of Co on the Mn moment, it is reasonable to believe that the m Ni should just be the net increase of the molecular moment due to the substitution of Co for the displaced Ni. This means that the system should still retain the ferrimagnetic structure with Co substituting for Ni. Turning to the other substitution style (Co chemically substituting for Ga), such a large m Ga cannot be understood in this simple manner. In particular, obtaining such a large m Ga appears to require a change from the native ferrimagnetic structure to an altered ferromagnetic one, as discussed in the following.
B. Structure and atomic configuration
In this paper, the structure of the MnCoNiGa samples has been determined by XRD methods. As shown in Fig. 2(a) , the XRD of the stoichiometric Mn 2 NiGa sample shows a typical Hg 2 CuTi structure with the main (220), (400), and (422) reflection peaks and the (111), (200), and (311) super-lattice peaks. For the case where Co partly substitutes for Ni, the XRD patterns (not shown) are similar to that for Mn 2 NiGa, which indicates that this series of samples can be easily synthesized as an off-stoichiometrical Hg 2 CuTi phase by the arc-melting method. In contrast, for the case where Co partly substitutes for Ga, the fcc phase was found when the Co concentration exceeded x = 0.24, as shown in Fig. 2(b) . Utilizing the melt-spinning method to prepare ribbon samples, the fcc phase can be eliminated completely in this series of samples until x is around 0.50, 10 as shown in Fig. 2 (c). Figure 3 shows the dependence of the lattice parameters on the Co content in the two cases of Co substituting for Ni or Ga. Stoichiometric Mn 2 NiGa has lattice parameters a = b = c = 5.8782Å as measured in this paper. Substituting Co for Ni, the bcc lattice parameters show a small and linear increase of about 0.1% over the range x = 0-0.5. This is due to the atomic radius of Co (1.67Å) being slightly larger than that of Ni (1.62 A). In the case of Co chemically substituting for Ga, the lattice parameter has a relatively large decrease of about 0.6% over the same composition range because the radius of the Co atom is much smaller than that of the Ga atom (1.81Å). A similar phenomenon has also been observed in other Heusler alloys. 16 The best linear fit to these experimental data has been used to produce the ideal lattice parameters for the electronic structure calculations discussed below.
In order to facilitate discussion of the atomic configurations in the two series of samples, the crystallographic structures of stoichiometric Mn 2 NiGa and Co-doped alloys are illustrated However, turning to the case where the Co chemically substitutes for Ga in Mn 2 Co x NiGa 1−x alloys, the (200) peak is larger relative to the (111) peak than in the case where Co replaced Ni. See Fig. 5(c) . This implies that there should be some additional contribution coming from reflection from the A and B sites. 19 That is to say, here the A and B sites are not entirely occupied by Mn atoms, but rather there are some other atoms occupying the A and B sites. Therefore, this observation strongly suggests that, in the case of Co substituting for Ga, chemical substitution is not consistent with the actual atomic occupation and that a more complex substitution occurs.
A rule for the selectivity of atomic occupation in Heusler alloys is as follows: the doped transition metal atoms will tend preferentially to occupy the A and C sites if they have a relatively larger number of valence electrons, while those with a relatively smaller number of valence electrons will preferentially occupy the B and D sites. 17, 18, [20] [21] [22] In Mn 2 Y Z (Y = Ti, V, Cr, Mn, Fe, and Co; Z = Al, Ga, In, Si, Ge, Sn, and Sb) Heusler alloys, this atomic occupation rule is well followed. 10, [22] [23] [24] [25] [26] Free energy calculations for the electronic structure of Heusler alloys also confirmed the validity of this rule. 17, 27 In the present work, the valence electron number of Co is greater than that of Mn but smaller than that of Ni. This character results in a selectivity for Co atoms to occupy a particular atomic site when they are chemically doped in the Mn 2 NiGa system: the Co atoms will occupy the Ni sites when Co substitutes for Ni and will go to the Mn sites when Co substitutes for Ga. Our calculation about the total energy of the system also indicates the validity of this selectivity. Thus, based on our XRD experimental observation and the above discussion, we can confirm that the atomic configuration in Mn 2 Co x NiGa 1−x alloys should be that of Model4 instead of Model3, as illustrated in Figs. 4(d) and 4(c), respectively. This selectivity is also confirmed by our electronic structure calculations, as shown in the next section.
C. Calculated electronic structure and spin moment
First-principles calculations have been carried out to study the magnetic properties in the two series of alloys. Four atomic configurations have been calculated: (1) stoichiometric Mn 2 NiGa with the Hg 2 CuTi structure (Model1); (2) Co chemically substituting for Ni (Model2); (3) Co chemically substituting for Ga with the atomic configuration of Model4; and (4) Model3, for comparison with Model4, assuming that the Co atoms follow the chemical substitution trend and directly occupy the vacant Ga (D) sites. These calculated results provide us with more detailed information about the electronic structure, the magnetic structure, and the magnetic moments for the total molecule and for each kind of atom separately.
Figures 6-8 show the densities of states (DOS) for the spin-up (majority) and the spin-down (minority) electrons for three typical compositions. One strong peak for a Ga atom at about −15.50 eV is not shown since it is symmetric between spin-up and spin-down states and therefore does not contribute to the total moment. As shown in Fig. 6(a) , the DOS for the stoichiometric Mn 2 NiGa mother alloy indicates a ferrimagnetic ground state which is mainly structured by the moment of MnI in antiparallel alignment with that of MnII. 14, 15 In Model2 where Co substitutes for Ni and occupies the vacant Ni(C) site, the DOS for Mn 2 Co 0.25 Ni 0.75 Ga and Mn 2 Co 0.5 Ni 0.5 Ga have forms quite similar to that for Mn 2 NiGa. This indicates that Co occupying the Ni sites hardly changes either the total DOS or that for the individual atoms Mn, Ni, and Ga, as shown in Fig. 7 . As yet more Co is substituted for Ni, the ferrimagnetic structure is still retained, even when Co totally replaces the Ni in the Mn 2 CoGa compound. 10 Turning to the case in which Co substitutes for Ga as in Model4, it has been found that the magnetic moments 28 between the Mn and Co atoms in this atomic configuration. We believe that this is the physical mechanism for MnD switching from an antiferromagnetic to a ferromagnetic coupling with MnII, after undergoing an occupation change from the A site to the D site. Table II collects the calculated and experimentally measured molecular moments, as well as the calculated moments of each atom for some typical MnCoNiGa alloys with the corresponding atomic configuration models shown in column two. The table allows five important conclusions to be drawn for the three atomic configurations: (1) For all compositions, the MnI and MnII atoms carry quite large but different magnetic moments of about −2.5 and 3.5 μ B , respectively. This is because the MnII atoms have eight magnetic atoms (four MnI and four Ni atoms) as their nearest neighbors (denoted as 1nn) as in a cubic crystal field, whereas the MnI atoms have only four magnetic atoms (four MnII atoms) neighbors as in a tetragonal crystal field. 29 ( 2) The Co and Ni atoms have positive moments of about 1.1-1.3 μ B and 0.2-0.4 μ B , respectively. Usually the sublattice formed by the MnI atoms is referred to as the antiferromagnetic sublattice and that formed by the MnII, Co, and Ni atoms as the ferromagnetic one. (3) These two sublattices compose a native ferrimagnetic structure in the alloy system which cannot be changed by Co substituting for Ni in Model2, and thus no apparent enhancement of magnetization and a small m Ni are observed, as shown in Fig. 1. (4) When Co substitutes for Ga in the manner of Model4, some MnI atoms become MnD as mentioned before, and their moment value increases from about 2.6 to 3.6 μ B (and). Meanwhile, their moment sign changes from negative to positive. These changes result in the MnI atom with a relatively small moment being removed from the antiferromagnetic lattice and then added into the ferromagnetic lattice as MnD with a relatively large moment. This simultaneously enlarges the ferromagnetic lattice and shrinks the antiferromagnetic lattice and dramatically enhances the magnetization, showing a quite large m Ga . (5) Calculations using Model3 produce an anomalous negative moment for Co and an abnormally low total moment, far from the experimental value, indicating that the configuration of Model3 is not realized in these alloys.
These conclusions clearly indicate that the polymorphic magnetization behavior actually originates with the change of the magnetic structure due to the selective occupation of the Co atoms when the system is chemically doped.
D. Exchange interaction and local ferromagnetic structure
In this section, we discuss the coupling of the atomic moments using the theories proposed by Stearns and attempt to elucidate how a local ferromagnetic structure can be achieved. 32 (4) the sign of the d i electron polarization has an oscillatory behavior related to the interatomic distance. 31 Based on (4) above, a simplifying assumption has been made, in this paper, that it is sufficient to consider just the 1nn and next nearest neighbor (denoted as 2nn) exchange interactions. As the d CEP falls off very rapidly with interatomic distance, this assumption is reasonable. 31 For investigating the exchange interaction in the Heusler alloy Mn 2 NiGa, the Stearns theory is a suitable basis because it not only takes into account the atomic configuration, but also the variation with interatomic distance.
In MnCoNiGa compounds, based on conclusion number (2) above, when the interatomic distances between Mn, Co, and Ni atoms are equal, the atomic pair Mn-Mn has the highest exchange interaction, and the strength tends to decrease in the sequence Mn-Mn > Mn-Co > Mn-Ni. In addition, based on conclusion number (4) above, the exchange interaction is weaker between 2nn than between 1nn. Therefore, it is possible that the interatomic distance plays an important role in alternating the type of the exchange interaction, antiferromagnetic or ferromagnetic, between the atomic pairs Mn-Mn and Mn-Co in our MnCoNiGa system. This prediction has been confirmed by the recent report on the exchange interaction calculation for Mn2CoZ compounds. 33 Below, we will see that a local ferromagnetic structure can be achieved due only to a change in the interatomic distance.
From Fig. 4 , one can see the interatomic distance relationships for the 1nn and 2nn in Mn 2 Ni 0.5 Co 0.5 Ga (Model2) and Mn 2 NiCo 0.5 Ga 0.5 (Model4) alloys. In the Mn 2 Ni 0.5 Co 0.5 Ga alloy, the MnI atoms are 1nn of the MnII atoms and 2nn of the Ni and doped Co atoms as shown in Fig. 4(b) . The 1nn and 2nn interatomic distances are 2.5453 and 2.9391Å, respectively. Therefore, in this case, the exchange interaction between MnI and MnII atoms is stronger than the others based on Stearns theories, which makes the MnI and MnII couple in an antiparallel manner. This is also the mechanism for the antiferromagnetic sublattice coupling in an antiparallel fashion with the ferromagnetic sublattice and exhibiting a native ferrimagnetic structure in our systems because these two sublattices are in a 1nn distance. Therefore, when Co substitutes for Ni, there is no change in the native ferrimagnetic structure of the system. In a similar way, all other Hg 2 CuTitype Mn 2 Y Z Heusler alloys whose atomic configuration follows Model1 are also the ferrimagnetic.
On the other hand, as shown in Fig. 4(d) , when the Co substitutes for Ga in Mn 2 NiCo 0.5 Ga 0.5 compounds, the system takes up the atomic configuration of Model4. One may notice that the only structural difference from Model2 is that two Co atoms occupy the MnI sites, and the corresponding MnI atoms move to the vacant Ga (D) sites, becoming MnD atoms. In this case, a new atomic configuration is generated around the doped Co atom in which the MnII and MnD atoms become 2nn to each other at a distance of 2.9391Å, and both of them are 1nn of the doped Co at a relatively small distance of 2.5453Å. This conversion of the distance relationship makes the exchange interactions between Co-MnII/MnD stronger than that of MnII-MnD. This corresponds to the apparently widened d-DOS distribution (a higher hybridization between Co and Mn 3d electrons), as shown in Fig. 8 . Thus, an additional ferromagnetic coupling between Co and MnD is achieved, which in turn generates a local ferromagnetic structure of MnII-Co-MnD in the system. This is similar to the magnetic structure in Co 2 Mn 1+x Ga 1−x observed through hyperfine field measurements. 34 It should be pointed out that the local ferromagnetic structure is generated only locally in the small volume in which the atomic relationship must be 2nn for MnD-MnII and must be 1nn for Co-MnD and Co-MnII. This critical condition indicates the importance of the atomic distance, as we have indicated in our previous work. As we have discussed above, the local ferromagnetic structure in a bcc structure (the parent phase of ferromagnetic shape memory alloys) enables the system to have a high magnetization, which realizes one of two conditions for having a large M in FSMAs. The other condition, as we have observed in many ferromagnetic shape memory alloys, [1] [2] [3] [4] [5] [6] [7] is that the magnetization should significantly decrease when the alloys transform to the martensitic phase. This implies that the local ferromagnetic structure should not survive through this crystallographic transition. The MnNiCoGa martensitic phase with a tetragonal structure is derived from its bcc parent phase via changes in the lattice parameters. Through the transformation, the corresponding change of interatomic distance is shown in Table III . One can see that the 1nn MnD (MnII)-Co distance slightly increases to the extent of 0.64% from 2.5579 to 2.5745Å, while the interatomic distance between the 2nn MnII-MnD dramatically decreases by 6.4% from 2.9536 to 2.7636Å. The relative change in the distance for the latter case is, therefore, 10 times larger than the former. Considering that there is a critical distance of about 2.8Å for an antiferromagnetic coupling between Mn atoms in α-Mn and β-Mn, 35 it is reasonable to suppose that the disappearance of the local ferromagnetic MnII-Co-MnD structure in the martensite is mainly due to the significant decrease in the MnII-MnD distance, rather than the negligible increase in the MnD(MnII)-Co distance. With this decrease in the interatomic distance, the moments of MnD and MnII revert to the antiparallel arrangement, and the local ferromagnetic structure converts to the ferrimagnetic structure. Without a change in the Co content, this is also a polymorphic magnetization behavior caused by the variation of atomic distance, which also plays an important role for the exchange interaction effect in the martensitic system. Figure 9 shows the composition dependence of the Curie temperature, T C , in the two series of substitution samples we have studied. When Co substitutes for Ni, the T C monotonically increases with increasing Co. This should be attributed to the fact that the Mn-Co exchange interaction is stronger than that of Mn-Ni in this ferrimagnetic system. This suggests that, in Mn2YZ-based Heusler alloys, both of the antiferromagnetic and ferromagnetic lattices mutually determine the T C . Therefore, when the local ferromagnetic structure appears by substituting Co for Ga, an interesting composition dependence of T C can be observed, as shown in Fig. 9 : it initially decreases on the low Co content side and then starts to increase at about x = 0.24. Based on the above discussion, the decrease in T C should be attributed to the partial destruction of the antiferromagnetic lattice due to the appearance of the local ferromagnetic structure. On the other hand, the subsequent increase in T C indicates another dominating effect: the ferromagnetic lattice is enhanced by increasing the local ferromagnetic structure. The switch in the dominating role for the two lattices occurs at about x = 0.24 and results in a minimum of T C , where each crystallographic unit cell contains one Co atom on average. This is also the composition at which the moment increment of m Ga , increases from 6.79 to 8.85 μ B (when x = 1) in Mn 2 Co x NiGa 1−x alloys, which implies a stronger exchange interaction caused by more Co atoms entering into the unit cell at the A sites.
IV. CONCLUSION
A polymorphic magnetization behavior, in which the magnetization can be changed by a factor of three, has been observed in MnCoNiGa alloys in which Co has been substituted for the Ni or Ga. The effects of the exchange interaction have been investigated based on the corresponding atom configuration generated by the occupation selectivity of the doped Co atoms. Our calculations show that a high level of d-electron hybridization can occur when the Mn atoms are nearest neighbors to a Co atom. This causes a strong ferromagnetic exchange interaction between them in specific atomic configurations and produces a local ferromagnetic structure in the native ferrimagnetic matrix. The local ferromagnetic structure simultaneously enlarges the ferromagnetic lattice and shrinks the antiferromagnetic one, thereby increasing the magnetization and resulting in the observed polymorphic magnetization behavior. Consequently, based on the theoretical work of Stearns, the necessary condition for achieving the local ferromagnetic structure has been confirmed: surrounding the doped Co atoms, the atomic relationship should be 1nn for Co-Mn and 2nn for Mn-Mn. Based on the critical role of the interatomic distances, the disappearance of the local ferromagnetic structure in a tetragonal martensitic structure has been attributed to the significant shrinkage of the distance between 2nn Mn-Mn atoms, which results in the local ferromagnetic structure recovering antiferromagnetic coupling. Due to its existence in the native ferrimagnetic structure, the local ferromagnetic structure results in an abnormal composition dependence for T C .
